Hidden Order in URu2Si2 
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We review current attempts to characterize the underlying nature of the hidden order in URu2Si2- 
A wide variety of experiments point to the existence of two order parameters: a large primary order 
parameter of unknown character which co-exists with secondary antiferromagnetic order. Current 
theories can be divided into two groups determined by whether or not the primary order parameter 
breaks time-reversal symmetry. We propose a series of experiments designed to test the time-reversal 
nature of the underlying primary order in URu2Si2 and to characterize its local single-ion physics. 
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The nature of the hidden order parameter in UR'UaSi2 
is a longstanding mystery in heavy fermion physics .□ At 
17 K this material undergoes a second-order phase tran- 
sition characterized by sharp feaiures in bulk properties 
including specific heatp lineaiHU and nonlinearoO sus- 
ceptibilities, thermal expansionB and resistivity!] The 
companying gap in the magnetic excitation spectrum 
also indicated by the exponential dependence of the spe- 
cific heat below the transition ACy oc e^^^"^ , suggests 
the formation of an itinerant spin density wave at this 
temperature. —However, the size of the observed stag- 
gered momenillj (mo = 0.03/j,b) cannot account for the 
bulk properties, e.g. the entropy loss and the size of the 
gap which develops at the transition. This mismatch be- 
tween the tiny ordered moment and the large entropy of 
condensation indicates the presence of a primary order 
parameter whose nature remains to be characterized. 

Two sets of recent developments provide impetus for a 
renewed discussion of this material. In particular high- 
field measurements have emphasized the distinction be- 
tween the hidden primary and the secondary magnetic or- 
der parani&ters. Though meastpements of the higlufield 
resistanceji3 thermal expansionlij and specific heattfl in- 
dicate that the primary order parameter is destroyed by 
a field of 40 Tesla, neutron scattering results suggest that 
the magnetic order may disappear at a much lower field 
strengths.Eil On a separate front, measurements of-thej 
specific heat, susceptibility and thermal expansionlla't£l 
on dilute U in Thi^xUxRu2Si2 have provided new in- 
sight into the uranium single-ion physics of this family 
of materials. Both of these quantities display a logarith- 
mic dependence on temperature that is suppressed by 
a magnetic field, features suggesting the presence of a 
non-Kramers, magnetic doublet. Unlike a Kramer's 
doublet, this ionic ground-state can be split by hoth mag- 
netic and strain fields. These two new sets of observations 
motivate us to propose further experiments designed to 
distinguish between various characterizations of the hid- 



den order. 

Many competing theories have been proposed for the 
primary hidden order in U Ru2Si2- The emphasis of these 
theoretical proposals has been on the microscopic or- 
der parameter. Broadly speaking, these theories divide 
into two distinct categories. In the first set, from here 
onwards designated as (A), the primary order param- 
eter breaks time^Efiversal symmetry; proposals include 
three-spin order ,EZI spin jdensity waves in higher angu- 
lar momentum channels^ and antiferrnrn agnetic states 
with strongly renormalized g-factors.EEltj By contrast 
the primary order parameter in category (B) is invariant 
under time-reversal symmetry, and staggered quadrupo- 
lar orderc2l and Jahn- Teller distortion£2l are examples in 
this classification scheme. Unfortunately experiment has 
been unable to clearly distinguish between these different 
microscopic proposals. 

In this paper, we should like to turn the debate in a 
more phenomenological direction. We argue that as a 
necessary prelude to the development of a theory for the 
microscopic order parameter in U Ru2Si2, we need to ask 
two key questions: 

• Does the primary order parameter break time re- 
versal symmetry? 

• What single-ion physics governs the low energy be- 
havior in stoichiometric U Ru2Si2'^ 

At present neither question has been definitively an- 
swered, and to this end we propose a set of experiments 
designed to address these issues. 

The ideal framework for our phenomenological discus- 
sion about the order parameter is Landau- Ginzburg the- 
ory. In this context, the distinction between theories 
in categories (A) and (B) lies in the allowed couplings 
between the primary and the secondary order parame- 
ters. Let us denote the primary and secondary order pa- 
rameters by ijj and to, respectively. Quite generally the 
Landau-Ginzburg free energy must contain three terms 
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A number oLcxpcrimcnts suggest that the hidden order 
is staggered.Q Uniform order parameters tend to couple 
directly to macroscopic properties, e.g. the uniform mag- 
netization and thus cannot be easily hidden. Under this 
assumption, the free energy must satisfy 



J-[ip,m] = Tl—Tp, —m]. 



(2) 



Since antiferromagnetism seems to develop simultane- 
ously with the hidden order, it is natural to consider 
coupling terms of the form 



gAmip. 



(3) 



As magnetization breaks time-reversal symmetry, and is 
of odd parity under time-reveral, such a term is only per- 
mitted if 4' is also odd under time reversal, and thus also 
breaks time-reversal symmetry. Such terms can only oc- 
cur in models of type (A) where tp breaks time-reversal 
symmetry. In theories of type (B) where ip is even under 
time-reversal invariance the simplest coupling consistent 
with both time-reversal symmetry and translational in- 
variance takes the form 



(4) 



Note that terms of the form m'^ip and rmp'^ are ruled out if 
the hidden order iSjStaggered and is invariant under time- 
reversal symmetry.LJ These two types of coupling, (^) and 
, lead to very different predictions for the H — T phase 
diagram. 

In order to understand these distinctions, let us write 
the separate free energies for the secondary and primary 
order parameters. For both categories of theory, the pri- 
mary free energy takes the form 
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where t = (Tc — T)/Tc is the reduced temperature, mea- 
suring the deviation from the transition temperature Tc 
of the primary order parameter and h = H/Hc is the ra- 
tio between the external magnetic field and the measured 
critical field at zero temperature {He — 40T). Transla- 
tional invariance is enough to rule out a linear coupling 
between h and ip in both categories of theory. This form 
of the free energy is broadly consistent with many of the 
observed phenomenon. We can rewrite J-'i in the form 



where 
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is the equilibrium value of the primary order parameter, 
and 



(8) 



is the equilibrium free energy. 

If we ignore the coupling to the secondary order pa- 
rameter, then by reading off the various derivatives with 
respect to temperature and field, we are able to deduce 
that 
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where X3 = —d^J'i/ dH'^ is the non-linear susceptibility 
and we have denoted Q = / (}. From these three results, 
we can deduce the relationship 
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This result is in good, accord with the measured anoma- 
lies in this material.E^ This agreement indicates that the 
phase transition is well described by mean-field theory, 
though it does not reveal any specifics about the nature 
of the hidden order. As an aside, we note that if the 
transition were associated with a conventional spin den- 
sity wave, this expression would become 
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where mg is, the staggered moment; this relation is clearly 
not obeyedQ in URu2Si2 where the anomalies in the spe- 
cific heat and the nonlinear susceptibility are large and 
Too = 0.03//B. Thus a conventional spin density wave 
can be excluded as a possible cause for the hidden order 
in URu2Si2- 

Let us now consider the way in which theories of type 
(A) and (B) differ. In type (A) theories, the quartic terms 
in J^2 may be neglected, and it is sufficient to take 

jc-^-*) [^] = a{h)m^ + O(to^) (12) 

where a{h) is positive. Now since a magnetic field always 
raises the energy of an antiferromagnet, we may write 

a{h)=a[l + Sh% (13) 

This means that at reduced fields above the scale h ~ 
1/VS (H ^ Hc/VS), the energy of the induced order pa- 
rameter ^-"2"^' = a(h)m^ is dominated by its coupling 
to the external magnetic field. Furthermore in these 
theories in category (A) where ■0 breaks time-reversal 
symmetry, the linear coupling between the primary and 
secondary order parameters means that the primary or- 
der parameter always induces a staggered magnetic mo- 
ment. If we assume gA is small, then by minimizing 
T = Ti + T2 + T^t we obtain 
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The small magnitude of the magnetic order parameter 
in scenario (A) arises naturally from the assumed pssyli 
magnitude of gA- From the high field experiments,Elro 
it is known that the field-dependence of m at low tem- 
peratures is more rapid than that of the primary order 
parameter. Using ( |T^ ) and (Q), at T = 0, 



m[h] — rriQ 



[1- 



l + Sh^ 



(15) 



where mo = — fay ^^^^ staggered mag- 

netization is then a product of a Lorentzian times the 
field dependence of the hidden order parameter, '0. For 
small fields 
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(17) 



sets the magnitude of the field scale where the sec- 
ondary order vanishes, based on a low field extrapolation 
of the magnetization. Since the magnetization is always 
finite for ip ^ 0, scenario (A) necessarily implies that 
there will be a point of inflection in the field dependence 
of the staggered magnetization around the field value 
Hm HJim] at field strengths greater than iJm, the 
energy of the staggered order is dominated by its cou- 
pling to the external magnetic field, but the staggered 
order is prevented from going to zero by its coupling to 
the hidden primary order. In Fig. 1 we show a typical 
curve for m{h)/mQ. The absence/presence of a point of 
infiection in m(h) is a key experimental test for scenario 
(A). 

Let us now turn to scenario (B). In this case, it is 
necessary to assume that the system is close to an anti- 
ferromagnetic instability, so that 



We can rewrite this in the form 



(19) 



where T'm['0] = ^rn ~ ^V^^- Clearly at temperatures 
close to Tc where ip is small the renormalization of 
is negligible, so that the coupling between the two order 
parameters can be effectively neglected. Experimentally 
the transitions associated with the development of the 
primary and secondary order parameters [are-identical to 
within the accuracy of the measurements ;llirtJ thus to fit 
these observations proponents of model (B) must set 
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FIG. 1. Field dependence of the primary order parameter 
and the staggered magnetization in scenarios (A) and (B). 
When the primary order parameter breaks time reversal sym- 
metry, the staggered magnetic order remains finite so long as 
the primary order is present, leading to a point of inflection 
in the magnetization versus field. 



This relies on coincidence, since within scenario (B) the 
coupling between the order parameters does not con- 
tribute towards linking the two transitions and they 
are therefore truly independent. We note that stag- 
gered quadrupolar order is an example of a primary or- 
der parameter in class (B); all known systems with con- 
tinuous double quadrupolar-magnetic transitions have a 
separation in the two temperature scales.Bj If the pri- 
mary phase transition of URu2Si2 had been discontin- 
uous (e.g. first-order) then this requirement (T^ — Tc) 
could have been relaxed, and indeed there is such an ex-. 
ample of a first-order quadrupolar-magnetic transitioned 
in U2Rhj,Si^. However field-dependent measurements in 
URu2Si2 clearly indicate that the primary order param- 
eter grows continuously ^Ijiif temperature is reduced, 
ruling out this possibility.llll"ll3 

A second aspect of scenario (B) concerns the size of 
the staggered magnetization. In order to account for the 
small size of the staggered moment, we require that 
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T — T 



(20) 



is naturally small. A microscopic theory would have 
to account for the magnitude of this parameter. It is 
worth noting that in the related heavy fermion super- 
conductors, C/Pc?2^^3 and UNi2Al3, which also exhibit 
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FIG. 2. The contrasting phase diagrams for scenarios (A) 
and (B). In (A), where the primary order parameter has bro- 
ken time-reversal symmetry, the staggered magnetic order re- 
mains finite so long as the primary order is present. The 
cross-hatched area refers to where m{h, t) has a region of in- 
flection (see Figure 1). In (B), there is a sharp phase transi- 
tion at a finite field and Tm and Tc match up only by coinci- 
dence. 

co-existent magnetism and superconductivity, the size of 
the ordered moment is large. In scenario (B) the field- 
dependence of the staggered order parameter is then en- 
tirely independent of the primary order parameter. 

In Fig. 2 we contrast the phase diagrams expected in 
the two different scenarios (A) and (B). The qualitative 
distinction is quite striking and immediately suggests a 
"tie-breaking" experiment. If the underlying order pa- 
rameter is indeed of type (A), then high-field neutron 
scattering experiments should observe a marked inflec- 
tion in the field-dependence of the staggered magnetiza- 
tion; this should occur long before the upper critical field 
(H « 40r) of the primary order parameter is reached. 

We now turn to the second part of our discussion and 
consider the nature of the single ion physics. Any mi- 
croscopic theory is cpitically dependent on this physics. 
For example, SantiniE3 has proposed that the key physics 



of URu2Si2 is governed by the mixing of two non- 
degenerate singlet ground-states leading to a staggered 
quadcupolar ground-state. On the other hand, Amitsuka 
et alJl3 suggest that a different ground-state is relevant to 
dilute concentrations of Uranium in ThRu2Si2, involving 
a magnetic non-Kramers |dpublet of a type first consid- 
ered by Cox and Makivic.E3 Were such a ground-state to 
survive to the dense system, it would lead to a magnetic 
two-channel Kondo lattice. This immediately suggests 
three distinguishing experiments: 

• A |.d^ifciitive test of the proposal by Amitsuka et 
alJlaO for dilute U concentrations has not yet been 
performed. Theory predicts that if the ground- 
state is that of a two-channel Kondo model, then 
at finite magnetic fields the logarthmic divergence 
of 7 = C^{T)/T will be cut-off by a Schottky 
anomaly with an associated entropy of ^ln2. This 
fractional entropy is distinctive of the two-channel 
Kondo model and heuristically arises from the par- 
tial quenching of the fermionic degrees of freedom 
in the system. The degeneracy of the proposed 
non-Kramers doublet should also be lifted with ap- 
plication of a uniaxial strain; again the signatory 
entropy associated with the two-channel Kondo 
model should be observed. 

• Tlie, crystal field scheajes proposed by Amitsuka et 
alJlj and by SantiniE3 are for the dilute and the 
dense limits, respectively. Qualitatively they are 
very different; more specifically the lowest lying 
state is a doublet in the scheme of Amitsuka et 
alJld whaceas it is a singlet in Santini's proposed 
scenario .c2l If indeed there is such a dramatic shift- 
ing of the crystal-field levels as a function of ura- 
nium density it should lead to observable nonlinear- 
ities in the lattice parameters and d ramatic changes 
in the nonlinear susceptibilityaO as a function of 
uranium doping. By contrast if the lattice parame- 
ters grow monotonically with doping levels, we can 
conclude that the single-ion physics of the dilute 
system and the lattice are qualitatively similar. 

• If the underlying physics of the dense system in- 
volves a non-Kramer's magnetic doublet, then we 
expect that a uniaxial strain and magnetic field will 
split this doublet in precisely the same way, up to 
a scale constant that can be deduced from the di- 
lute limit. In this situation, the phase diagram as a 
function of uniaxial strain will look identical to the 
phase diagram as a function of field. This is the 
definitive test of whether a non-Kramer's magnetic 
doublet underpins the physics of the dense lattice. 

Summarizing the discussion so far, we have presented 
some simple experimental probes of time-reversal viola- 
tion and the local single-ion physics that, if observed, will 
substantially advance our basic understanding of the un- 
derlying order in URu2Si2- We should now look ahead 
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to the constraints that our discussion imposes on any 
future microscopic theories in URu2Si2- Such theories 
must provide : 

• A description of the local single-ion physics that is 
consistent with the heavy fermion behavior. 

• A description of how the hidden order emerges from 
the local ion physics. Clearly, the character of the 
theory depends critically on an experimental test 
of whether the primary order breaks time reversal 
symmetry. 

It is important to remember in this discussion that 
URu2Si2 is a heavy fermion compound, both before and 
after the hidden order develops. In the low temperature 
phase, the size of Cy/T ^ 90mJniol^^K~^ puts this 
material into the category of intermediate heavy fermion 
behavior. The superconducting transition at 1.7K also 
has a large specific heat anomaly characteristic of heavy 
fermion superconductivity. The dramatic contrast with 
ThRu2Si2, which is a normal, low-mass metal serves to 
emphasize that it is the local f-electron physics of the 
Uranium atom which drives the unusual properties in 
URu2Si2- The large values of 7 derive from the quench- 
ing of the local ionic degrees of freedom. Any microscopic 
theory of the hidden order in URu2Si2 must respect these 
essential observations. 

At present, the only scenario which addresses the 
second item in this list is the quadrupolar scenario of 
SantiniEj However if the single-ion physics of the Ura- 
nium in URu2Si2is described by a non-degenerate singlet 
state which mixes with higher-lying singlets to produce a 
quadrupole, it is very difficult to see how this picture can 
provide the necessary degrees of freedom for the heavy 
electron behavior below the transition. 

By contrast let us smipose that the local-ion physics 
suggested by Koga et alE3 for dilute U in ThRu2Si2 per- 
sists to stoichiometric URu2Si2, involving a magnetic 
non-Kramers doublet. Such a state has the capacity 
to provide the required low-lying degrees of freedom for 
heavy fermion behavior, but now we must address the 
second point above. One of the interesting questions here 
is how the the two-channel physics of the single ion might 
play a role in the hidden order. In the dense lattice, there 
is the possibility of constructive interference between the 
Kondo effect in the two channels that hypothetically cou- 
ple to each uranium ion. This has the potential to pro- 
duce composite orbital order that breaks time-reversal 
symmetry. If ci and C2 create electrons in the two lo- 
cal scattering channels coupled to the local moment, and 
if S is the spin degree of freedom associated with the 
magnetic non-Kramer's doublet, then such a state would 
involve an order parameter of the formE2l 

'iP{x) = ~i{{c[ac2 - 4ctci) • S(a;)) (22) 

This order parameter involves hidden orbital order, and 
combines aspects of the Kondo effect and orbital mag- 
netism into one quantity. Similar order parameters have 



been proposed for heavy fermon superconductivity.E^L^I 
Should experiments confirm the equivalence of field and 
uniaxial strain on the primary order parameter, then this 
would seem to be an interesting candidate for the under- 
lying hidden order. 

In conclusion, we have contrasted two classes of theory 
for the hidden order in U Ru2Si2 and have proposed mea- 
surements designed to test (i) whether the order breaks 
time-reversal symmetry and (ii) whether the local physics 
is described by a non-Kramers magnetic doublet. The 
results of these experiments would considerably further 
our understanding of this fascinating heavy-fermion su- 
perconductor. 
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